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Hyperfine structure of hydrogenlike thallium isotopes
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The hyperfine splitting of the . ground state of hydrogenlike Tl has been measured for the two stable
isotopes using emission spectroscopy in the SuperEBIT electron-beam ion trap, giving 3853®2A for
2031180+ and 3821.840.34 A for 2°°TI8%* with a wavelength differencA\ =36.38-0.35 A. This differ-
ence is consistent with estimates based on hyperfine anomaly data for neutral Tl only if finite size effects are
included in the calculation. By using previously determined nuclear magnetic moments, and applying appro-
priate corrections for the nuclear charge distribution and radiative effects, the experimental splittings can be
interpreted in terms of nuclear magnetization radii2)?=5.83(14) fm for 2°°TI and (r2)42
=5.89(14) fm for2%°TI. These values are 10% larger than derived from single-particle nuclear magnetization
models, and are slightly larger than the corresponding charge distributions.
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[. INTRODUCTION be used to predict the isotopic difference in HFS for the
hydrogenlike system[sL0].
The hyperfine structuréHFS) of highly charged hydro- In the following, we present a measurement of the 1

genlike systems challenges experimental techniques as wélyperfine splitting of the two stable isotopes of thallium,
as our understanding of the details in the description of thdydrogenlike 2°°T18%* | and 2°°TI8%*. Using a spectrometer
1s electron and its interaction with the nucleus. Radiativewith greatly enhanced sensitivity and resolving power, we
corrections are of the order 0.5%, observable within the exhave achieved a measurement accuracy that is between four
perimental uncertainty of accurate spectroscopic investigaand eight times better than our earlier measurements of the
tions, and even higher-order radiative corrections may be ifiyperfine splitting in 1654086+ 185Rg74+  and 187RE4T
reach for these extremely relativistic systefas?]. The re- [3,4], and has twice the accuracy of laser-fluorescence mea-
maining electron is a good probe of the bare nucleus, as thgurements of*Bi®?* and *°’PiF'* carried out on the ESR
electronic wave function is sensitive to details in the nucleastorage rind5,6].
charge distribution and the resulting HFS also depends on The experimentally determined HFS results thus obtained
the unknown magnetization distribution. These effects ar@re used to determine absolute values for the nuclear magne-
also present for neutral systems, where they are, howevdization radii of the two isotopes, by using known magnetic
obscured by many-electron interactions and only “hyperfinenoments and charge radii and calculated radiative correc-
anomalies” can be accurately determined. These are isotoplions, as discussed in Sec. V.
differences in the ratio between thgactor for the hyperfine
structure and the nucleagy factor (whereg,= u, /1 uy).
Measurements of HFS for highly charged hydrogenlike
systems have been reported for several eleméfitsto®®* As with our earlier measuremerj, 4], the thallium mea-
[3], 1R [4], ¥R [4], 2P [5], 2Bi®2" [6], surements were carried out at the SuperEBIT electron-beam
and 2%Bi®" [7]. The results, in particular fot®*Ho%* and  ion trap[11] at the Lawrence Livermore National Labora-
18518Re’* | were found to differ considerably from predic- tory. This was the first experiment after an 18-month shut-
tions based on a single-nucleon description for the nucleaiown, and SuperEBIT could not be operated at full capacity.
magnetizatiof8-10]. For the case of Tl, which is closer to The electron-beam currents varied between 180 and 240 mA.
a double-magic nucleus, better agreement should be eXhe electron-beam energy was set to 142 keV, which is about
pected. In addition, the hyperfine anomaly for neutral Tl, canl.5X the energy necessary to produce hydrogenic thallium.
The resulting charge balance was somewhat worse than
that during our rhenium measuremeps, as could be esti-
*Present address: Spectra-Physics, Mountain View, CA 94043. mated from hard x-ray measurements of the radiative elec-
TPresent address: Fakitlfar Physik, Albert-Ludwigs-Universita  tron capture into the §, 2s, and 2 levels of various thal-
Freiburg, Germany. lium ions. The amount of hydrogenic thallium, for example,
*Permanent address: Department of Physics, University of Newas estimated to be less than 2%.
vada, Reno, Nevada. The F=1—F=0 1s hyperfine transition in either thal-
8Also at Fakulta fiir Physik und Astronomie, Ruhr-Universita lium isotope is predominately excited by ionizing collisions
Bochum, Germany and IPNAS, Universite Liege, Belgium. with heliumlike thallium. The reason is that ionization of a
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1s electron from the § 1S, heliumlike ground level popu- Counts

lates the % hyperfine levels in a statistical fashion, i.e., the 5000 T
population ratio of the==1 upper level to that of thé&

=0 lower level is 3:1. The rates for electron-impact excita-
tion or excitation of theF=1 level by radiative electron 4000 |-
capture are negligible by comparison. In a steady state,
electron-impact ionization is balanced by radiative recombi-
nation. Consequently, monitoring the x rays emitted by the
latter process gives us a measure of the ionization process
and thus of the amount of photons emitted by the hyperfine .
decay. As a result, our experiment aimed at maximizing the (385928 A
amount of hydrogenic thallium and was hurt by the fact that 2000 2% 180+ \ .
we could not achieve a better charge balance during the 5

months(including startup of this experiment.

Our experiment benefited greatly from a new spectrom- 1000
eter designed specifically for this measurement. Instead of a
prism as used previous|\,4], the new instrument utilized a
6-in.-diam quartz transmission grating and two 13-cm diam-
eterf/4.6 quartz lenses for one-to-one imaging of the source
onto a cryogenically cooled scientific-grade Photometrics
charge-coupled devicéCCD) camera. The grating was built
in house, with 2857 lines/mm and a near 90% efficiency at

the wavelengths of intere$l2]. This instrument had been FIG. 1. Experimental spectrum of H-like thalliufapper tracg

. g . . . 5 .
used to measure the optical transition in Ti-like®W in ity the hyperfine transitions in the two Tl isotopes indicated. The

preparation for the present experimgh8]. A second instru-  jower trace is the reference spectrum of argon. An arbitrary offset is
ment of almost the same design parameters was temporarijed to separate the two traces.

used in parallel in order to increase the signal rate. However,
due to the higher intrinsic noise level of its CCD camerathought to arise from inadequate filtering of cosmic rays.
chip, this detection branch failed. About 30 individual spectra were then added and examined
A wavelength region 130 A wide could be measuredsor features. A spectrum resulting from addingd1Bh spec-
with the instrument in one setting. Three settings were usegta with thallium injection is shown in Fig. lupper tracg
to scan(with overlap a 300 A wide region centered at
3800 A during a ten-week period. This region covered the . RESULTS
wavelength range suggested by various predictions, which '
range from 3786 to 3802 A for®TI8%" and 3822 to The argon lines seen in the lower trace of Fig. 1 are
3840 A for 2°5T|8%" [8—10]. For each setting we measured mostly due to singly ionized argon. These lines have been
spectra with and without thallium injection to gauge themeasured to a very high accurdd#] so that they represent
emission from background ions. In both cases, we introduceéxcellent reference lines. Not all lines can be identified. In
argon as a cooling gas, setting the ballistic gas injector predact, most weak lines are unknown, as pointed out in Ref.
sure to Ix10™8 Torr. We also measured argon directly by [15]. There is a sufficient number of strong Atines that
setting the gas injector pressure tx 50~/ Torr. The pres- can be identified and used to determine the absolute wave-
ence of any potential heavy contaminants during the argonlength scale and the dispersion. These include the line at
only measurements was avoided by emptying the trap abo@850.581 A shown in Fig. 1, as well as others at 3946.097,
four times per second. For the thallium and background mea3868.528, and 3809.456 A.
surements the trap was emptied about once every minute. In Argon lines are also seen weakly in the thallium measure-
order to minimize read-out noise, each spectrum accumuments and in the background spectra. In fact, these built-in
lated fa 1 h before the camera was read out. calibration lines help to maintain the integrity of the wave-
Argon provided the reference lines for the spectral cali-length calibration over days of measurements. Shifts in the
bration. At the high injector pressure, faint lines of argonposition of the argon lines, possibly caused by temperature
could be seen within a singlé h spectrum. Also seen were Vvariations, have been noted on a time scale of a day. In fact,
sharp spikes from cosmic-rays events, which were filtereduch shifts have limited the accuracy of the Ti-like®3V
out using the “bad-pixel” routine in the IPLab imaging soft- measurement mentioned abdus].
ware on a Macintosh G3 computer. A 63 h argon spectrum is The identification of the thallium lines was not without
shown in Fig. 1(lower trace. In contrast to the argon spec- hesitation. The spectrum in Fig. 1 was the best we could do
tra, a 1 hspectrum of the SuperEBIT emission with thallium under the measurement conditions. The two features labeled
injection or from low-argon background ions showed noby the respective thallium isotope are the only features that
lines or features at all after the cosmic rays were filtered outsatisfy the following criteria: they are found in the thallium
In fact, we rejected any spectra taken while thallium wasnjection spectra, are missing in the background spectra, and
injected that showed any discernible features, as those wemannot be correlated with any argon lines. These criteria, plus

3000 -

203 TI 80+

3820 3830 3840 3850 3860
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TABLE I. Summary of uncertainties affecting the wavelength elements, however, it is essential to use the potential from an
determination of the hyperfine transitions. extended nuclear charge distribution in the Dirac equation
for the electron. In this paper we use a Fermi model for the

Source %10 2000 nuclear distribution using tha2)Y/? values 5.46@) fm for
Tl line position 021 A 021 A 203T] and 5.4705) fm for 2°°T| obtained from elastic elec-
Calibration line position 021 A 021 A tron scattering and muonic x-ray daftd6,17], and a skin
Dispersion 0.02 A 012 A thicknes_s parameter= 0.524(10) fm. _
Edge nonlinearity 0.00 A 012 A The _mter.actlon between the electron and point nuclear
magnetic dipole momenj,=gsSy+g, Ly of a nucleus
(with 1#0) can be described by a Hamiltonian
Quadrature sum 0.30 A 0.34 A R
rxXa
hEFS=:—;ecr—2 My - (1)

the fact that their wavelength separation is very close to the

predicted value, lead us to identify the two lines as theThe hyperfine interaction in Eq1) holds only for a point
ggught-after hyperfine transitions fron?®TI®" and  nuclear dipole. For an extended magnetization, the radial
oTI%0", function 12 is modified inside the nucleus. The general ex-
The two thallium features are statistically poor. The ratiopression depends on the combination of spin and angular
of 2Tl to °°Tl in natural thallium, which we used for in- momentum contributions to the nuclear magnetic moment.
jection, is about 3:7. This is difficult to ascertain in the ob- For the stable Tl isotopes with= 1/2‘*’] 0n|y the spin mag-
served intensity ratio, thOUgh it is not in contradiction Either.netic moment enters. For a Spin magnetic moment on a shell,
Despite the poor statistics, we note that the widths of thehe interaction vanishes when the electron is inside the shell.
thallium lines are only 1.1 A. This is more than ten times The interaction for a general distribution of magnetic mo-
less than the line we observed in #36 using a prism spec- ment can, of course, be obtained by integration, giving a

trometer, and this clearly demonstrates the technical imBohr-Weisskopf correction factor (1eg,,), where
provement.

We estimate that we can determine the centroid of each epw=ax(r2)+a,(rey+ag(rd). 2)
line to within 20% of its width. We assume a similar accu-
racy for the argon lines used to check for spectral shifts. Théor Tl we find a,=7.6x10* fm 2, a,=-3.1
uncertainties in the spectral dispersion are small foffel ~ X107° fm™*, andas=7.3x10"° fm~°[10,1§ for hydro-
line, which is close to one of the calibration lines. They aregenlike TI. An important observation from the analytical ex-
larger for the2°°TI line. The latter line is also close to the pansions is thatgy depends on the angular momentum of
edge of the CCD chip, and we take into account possibléhe electron, but is essentially independent of the principal
edge nonlinearities. A summary of the uncertainties affectingluantum number, since the correction depends on the radial
each line is given in Table I. Adding them in quadrature, wedependence of the orbital in a region where the nuclear po-
obtain 3857.130.30 A for the wavelength of thé®3T18* tential is very large compared to the differences in binding
hyperfine transition, and 3820.7®.34 A for the wave- e€nergy. This essential independence makes it possible to
length of the2%5TI8%" hyperfine transition. The 4o accu-  use hyperfine anomaly results from neutral systems to obtain
racy of the present measurement is about an order of magristimates of the anomaly for hydrogenlike systems, although
tude worse than one could expect from the nominal resolvindor neutral atoms, modifications due to the interactions with
power of the instrument and in the absence of significanthe other electrons must be accounted for, as discussed in

systematic errors. more detail below. For further details, sg9].
Converting our results to vacuum wavelengths, we get
3858.22-0.30 and 3821.8#0.34 A, and a corresponding A. Radiative corrections

energy splitting of 3.2135600.00025 and 3.24409

; The strong electromagnetic field close to the nucleus leads
+0.00029 eV, respectively. g g

: S ; . -~ . to radiative effects also modifying the interaction with the
.The Isotopic d|fference in the hyperfine splittings IS .Ob'nuclear magnetic moment. The sizes of these effects were
tained by s.ubtractlng the wavelengths of the two transitions,, 41, ated by Sunnergrest al. [20,21 using the numerical
The result is 36.380.35 A, or 30.5%0.29 meV. The un-

2 ; ) ~ ' orbitals obtained in the potential from a Fermi charge distri-
certainties are determined by noting that the uncertainty

"bution, givingAEogp/ 1= —0.01114(11) eV, for both
the calibration line drops out when subtracting the two Wave-lsotop’esg ga%qen! M (11) eVin
lengths, while the uncertainties arising from the wavelength '

dispersion(cf. Table ) add linearly. B. Single-particle estimates of the Bohr-Weisskopf effect
IV. THEORY: ONE-ELECTRON SYSTEMS The eval_uation of expre;sid@) for the BohrTW(f:iss!(opf
AND HYPERFINE STRUCTURE effect requires an apprommapon for the distribution of
nuclear magnetization. In earlier work we used a Woods-
The Dirac equation for hydrogenlike systems with aSaxon potential10,18 for the 3s proton hole. Forr%°Tl the
pointlike nucleus is a standard textbook example. For heavyesulting parameters  were(r?1?=527 fm, (r*y¥4
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TABLE Il. Relevant parameters for the two stable Tl isotopes. The last three columns present experimental results from this paper, as
well as the extracted Bohr-Weisskopf effect and the magnetization radii.

i pp® wfo (rgyvee AEpa/m AEQED/MId AERES € (riyv?
(fm) (eViuy) (eViuy) (eV) (fm)
203780+ 1.595 76811) 1.621713)  5.4635) 2.03782) —0.01114(11) 3.213525  0.02218) 5.8314)
205780+ 1.611 46481) 1.637913)  5.4705) 2.03762) —0.01114(112) 3.244029  0.02258)  5.8914)
Ratio 1.009 836 1®) 1.009 5212)

MR result by Baker and Burd, Ref26], not corrected for diamagnetic shielding and chemical shift.
bReferencd 25], based on ABMR data for free atoms by Fowler, H8f], corrected for diamagnetic shielding.
‘Referencd17)].

dreferencd 20].

=6.01 fm, and <r6>1/6: 6.44 fm (and (r2>=27.8 frt). spectroscopy. For thepg,, ground state of neutral Tl, the
Other calculations, using different single-particle modelsanomaly is—1.036(3)< 10~ * [28]. Many-body effects were
[9,22], give (r?) values between 27.4 and 28.9 4mall  found to account for about 9% of the totapf, anomaly
smaller than the corresponding radius of the total charge di§29]. To estimate the size of theslanomaly for the hydro-
tribution. genlike system, we recall that a one-electron anomaly is es-

Using our calculated $ distribution gives &  sentiallyn independent, but varies with angular momentum.
=1.74(52)%, where the large uncertainty reflects the neclecthe ratio between the Bohr-Weisskopf effect for the and
of nuclear many-body effects. Combination with previouslyp, , orbitals is about 3.3. The total anomaly is, however, also
calculated  radiative  corrections  givesAEpes/  affected by the nuclear charge distribution, which affects the
2=031T-|9912(2) ‘TVlm for thl? QVOIIJ”d state of hydroginllke orbtials close to the nucleus. The ratio between this “Breit-
2 and a slightly smaller value, 1.9910(2) eM{ for  RosenthdtCrawford-Schawlow effect for s, andpyy, or-

°Tl, which is .knowr; to have a slightly more extended 5 js slightly larger, 3.7. The ratio between the anomalies
charge distributioni%(r¢)=0.115(3) fnf [23,24) for s;/, and pyj, thus depends on the relative importance of

In order to convert these results to expected hyperfingpanges in the nuclear charge and magnetization distribu-
splittings, values for the nuclear magnetic moments must bﬁons

mserteq. As discussed n ReR25], diamagnetic shielding . By performing calculations for several different Fermi
corrections must be applied to the tabulated nuclear magnetl:‘ﬁstributions the “Breit-Rosenthal” effedB0—32, which is

resonanceNMR) values[26,27, giving the revised values expressed in terms of a correction factor{4zg), can be

shown in Table Il. Adding radiative corrections from Sunner- . . . N
g 203 parametrized in terms of changes in the charge distribution,

gren etal. [20,2]] leads to the values AEjgg . B 5 : : .
~3.229(17) eV andAEE,?:53=3.261(18) eV [10], some- using egr= — X, &rg) (neglecting any changes in the skin
what larger than the experimentally observed splittings. j[h|ckm_as$. For the ground sta’Ees of h}’SrOge”"ke T_I we found
in earlier workx,=—1.16x10"° fm~< [10,18. This value
was obtained by using the hyperfine interaction from a point
dipole. The interaction with an extended magnetic dipole
moment, however, gives less weight to the electron orbital
The different magnetic moments for the two Tl isotopesfor very small radii. As a result, the sensitivity to the nuclear
account for most of the 30.§38) meV difference between charge distribution is reduced if the interaction with an ex-
the splittings. However, the ratio tended dipole is considered, as illustrated in Fig. 2. This

AEHFS(ZO&FI)/.AEHFSG%TI) —1.00952(12) between the 0b- o445 16 4 revised parametrization=—0.78x 10 3 fm~?2
served splittings, differs slightly from the known ratio be- for the 1s ground state of hydrogenlike T!

tMV\ll?zeong) /;:(eZOSH)n :Cfoaég 83??%])6_ tl(zl'he rrggmgrr:gs [ghﬁji _ For 6p4, the reducepl s_ensitivity tp the charge distribu-
perfine anomaly” can be written as tion alsq affects th_e egrller interpretation for ne_utr_a[Z}D]. _
The revised contribution due to the charge distribution is
2037 205 (A Eﬁ'OF?’S/A Ea%%)(ﬂf%/mm) 1. —0.245(6)X 10 * of the total anomaly resulting in a slightly
modified value for the change in magnetization radiug,
Inserting the experimental values gives the hyperfine=0.299(5) oré(r)=0.38(1) fnf.
anomaly 2°A2%°= —3(1)x 104, which accounts for about ~ Following these considerations, the data from th®,56
1 meV of the difference between the hyperfine splittings ofground state of neutral Tl yield an estimate ©13.21(5)
the two isotopes. X 10~ 4 for the anomaly of the 4 ground state of hydrogen-
The hyperfine anomaly for the ground state of hydrogeniike TI, corresponding to an energy difference of 30.71
like Tl can be more accurately estimated by using anomalies-0.16 meV or a wavelength difference of 36:13.19 A,
for neutral TI, measured in the early days of radio frequencyin excellent agreement with the measurement.

C. Isotopic differences for hydrogenlike and neutral systems:
Differences and similarities
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~, 20403 : : : : : : The present measurements of the electronic hyperfine
< 20402 | splitting are about two orders of magnitude more accurate
2 50401l than the muonic measurements and enable tests of the de-
5 20400 tailed nuclear structure. Using our measured values, an rms
o = I nuclear magnetic radius of 5.83.14 and 5.8%0.14 fm
2.0399 can be inferred for the thallium isotopes 203 and 205, respec-
__ 2.0008 : : : : : : tively. These values are about 7% larger than the single-
£ 20007 | rn=538fm | particle estimate of 5.270.74 fm[10,18, showing that the
2 oos | «\\\ | magnetization distribution is more extended than the charge
3 distribution.
u" 20005 ¢ 1 The measured isotope difference of 30:3838 meV
2.0004 .

' ' : : : differs slightly from the value of 31.040.01 meV, inferred
2076 2080 2052 2084, 2986 2050 2990 2092 from neutral thallium using a point magnetic dipole approxi-
¢ mation[10]. This difference lead us to consider a parametri-
FIG. 2. Sensitivity of the hyperfine splitting t¢r2) for the zation of the Breit-Rosenthal effect in terms of changes in
point-dipole and the magnetic dipole moment on a shell with radiughe charge distribution for an extended magnetic dipole. Our

5.38 fm. calculations showed a significant reduction in the sensitivity
to changes in the nuclear charge distribution, as the value of
V. INTERPRETING THE EXPERIMENTAL DATA X, dropped by about 33%. The resulting prediction for the

isotopic difference of 30.7£0.16 meV is now in excellent
agreement with the measurement.

The present measurements were performed using emis-
sion spectroscopy on the Livermore SuperEBIT device. Al-
?hough the accuracy exceeded that of past measurements,
including those employing laser fluorescence, it was limited
L .. by the low production of hydrogenlike thallium ions. Im-
these values can be converted to magnetization radii rovements in hydrogenlike ion production, as SuperEBIT

2\1/2__ 20 2\1/2_
<rm>20 =5.83(14) fm for 2Tl and (r7)"*=5.89(14) fm regains full operation, will undoubtedly improve the accu-
for 29T, In contrast to the Woods-Saxon results, these radipacy further in future measurements.

are larger than the corresponding charge radii, indicating the
importance of nuclear many-body effects.

The size of the magnetic moment distribution can be
taken as an indication of the distribution of a possibland The experimental work was performed under the auspices
T violating nuclear electric dipole moment, which, to a first of the U.S. Department of Energy by the University of Cali-
approximation, can be expected to follow the valencefornia Lawrence Livermore National Laboratory under Con-
nucleon, just like the magnetic moment. The higher-ordetract No. W-7405-ENG-48. We gratefully acknowledge sup-
corrections depend, however, on the angular structure of theort from E. Rohlfing and the Chemical Sciences,
operator, and cannot be immediately applied for other prop&eosciences, and Biosciences Division of the Office of Basic
erties. Energy Sciences, Office of Science, U.S. Department of En-

ergy. We thank M. Tomaselli and Th. Kufor discussions
VI. CONCLUSION and communications concerning new calculations they have
done. M.G.H.G., C.F.,, and A.-M.M.-P. would also like to

Measurements of the slhyperfine splitting in muonic express their appreciation of helpful discussions with the
thallium found 2.36:0.02 keV for 2°°TI and 2.34 atomic physics and subatomic physics groups ateBarg.
+0.08 keV for 29°T| [23]. The muonic measurements al- Financial support from the Swedish Natural Science Re-
ready showed the need to include the finite-nuclear-size isearch Counci{NFR) and the Eurotraps EU-TMR Network
the calculations of the hyperfine splitting. This inclusion re-is gratefully acknowledged. E.T. thankfully acknowledges
duced the calculated value by half. support from DFG(Germany and FNRS(Belgium).

The experimental hyperfine splittings are smaller than ex
pected from the Woods-Saxon estimaf8s-10], indicating
that the actual nuclear magnetization distribution is more ex
tended. The extracted Bohr-Weisskopf corrections ar
2.21281)% and 2.2481)% for 2°3T1*8! and 2°5TI 782 re-
spectively. Following the procedure described in Réf,
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